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Natural killer (NK) cells are circulating CD3− lymphocytes, which express CD56 or 
CD16 and an array of inhibitory receptors, called killer-immunoglobulin-like receptors 
(KIRs). Alloreactive KIR-ligand mismatched NK cells crucially mediate the innate immune 
response and have a well-recognized antitumor activity. Adoptive immunotherapy with 
alloreactive NK cells determined promising clinical results in terms of response in acute 
myeloid leukemia (AML) patients and several data demonstrated that response can be 
influenced by the composition of NK graft. Several data show that there is a correlation 
between NK alloreactivity and clinical outcome: in a cohort of AML patients who received 
NK infusion with active disease, more alloreactive NK cell clones were found in the donor 
repertoire of responders than in non-responders. These findings demonstrate that the 
frequency of alloreactive NK cell clones influence clinical response in AML patients under-
going NK cell immunotherapy. In this work, we will review the most recent preclinical and 
clinical data about the impact of alloreactive NK cells features other than frequency of 
alloreactive clones and cytokine network status on their anti-leukemic activity. A better 
knowledge of these aspects is critical to maximize the effects of this therapy in AML 
patients.
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inTRODUCTiOn

In the last years, major advances have been achieved in the understanding of acute myeloid leu-
kemia (AML) biology (1). However, these preclinical results have weakly impacted on the clinical 
outcome of AML patients, whose prognosis is overall largely unsatisfactory (1–4). A significant 
improvement in AML outcome is provided by allogeneic stem cell transplantation (SCT), where 
alloreactive T cells and natural killer (NK) cells mediate the graft-versus-leukemia (GvL) effect, 
contributing to leukemia eradication and relapse prevention. However, for many patients, the 
cellular immunotherapy within SCT is hampered by the high risk of treatment-related morbidity 
and mortality. To expand the option of cellular immunotherapy besides the SCT setting, adoptive 
transfer of effector immune cells is a promising approach (5, 6).
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Natural killer cells are circulating CD3− lymphocytes, which 
express CD56 or CD16. They account for 5–15% of circulating 
lymphocytes in humans and can be categorized into subpopula-
tions with different maturation status and functional specifici-
ties. CD56loCD16+ NK  cells with high cytotoxic potential are 
predominant in human blood, while the immunomodulatory 
CD56hiCD16− subset is more predominant in lymph nodes (7). 
NK cells mediate innate immune response and cancer immu-
nological control independently from major histocompatibility 
complex (MHC)-based antigen recognition (8). A net effect 
between inhibitory receptors, such as killer-Immunoglobulin-
like receptors (KIRs) and C-type lectin receptor (NKG2A), 
and activating receptors, including natural cytotoxic receptors 
(NCR), NKp46, NKp30, NKp44, and NKG2D, drives NK  cell 
cytotoxic activity (9–11). Inhibitory KIRs are the most clinically 
relevant and interact with self and not self-HLA class I ligands 
(HLA-Bw4, HLA-C1, and HLA-C2) (12). During their matura-
tion process, NK cells acquire cytolytic activity by upregulating 
cytotoxic receptors and expressing perforin under the stimula-
tion of the T-cell derived cytokine interleukin (IL)-2. The subse-
quent “licensing” or “education” process is crucial for acquiring 
self-tolerance, avoiding NK-mediated self-damage (13). Several 
cytokines, such as interferon (IFN)-γ, tumor necrosis factor 
(TNF)-α, granulocyte-macrophage colony-stimulating factor 
(GM-CSF), and chemokines, such as CCL3, CCL4, and CCL5, 
are produced by stimulated NK cells, which, then, acquire the 
capacity of killing target cells, including tumor cells, through 
the perforin/granzyme pathway (14). As for AML, the first 
evidence of NK-mediated anti-leukemia effect was reported 
in the haploidentical T-cell depleted SCT setting, where it was 
demonstrated that a KIR-ligand mismatch between donor and 
recipient protects patients from leukemia relapse (15, 16).

nK iMMUnOTHeRAPY FOR AML: THe 
STATe-OF-ART OF CLiniCAL TRiALS

Acute myeloid leukemia cells are more sensitive to NK-mediated 
cytotoxicity than solid tumors (7). For this reason, several 
groups have been prompted to exploit in AML the potential of 
NK cell adoptive immunotherapy (17). High risk patients with 
myeloid malignancies were safely infused with highly purified 
NK cells to consolidate engraftment after haploidentical SCT 
(18), thus providing the rationale for exploring this strategy as 
a means of increasing GvL without concurrent GVHD effects 
(19). Besides the transplantation setting, adoptive immuno-
therapy with haploidentical NK  cells in AML was exploited 
in adults and in childhood patients (20–23). Altogether, these 
studies demonstrated that NK  cell-based adoptive immuno-
therapy is safe and feasible in AML patients. Of note, donor 
NK cells expanded after infusion and were in vivo alloreactive 
against recipient’s leukemic cells with some promising clinical 
responses. To increase the number of NK cells to be infused, 
ex vivo NK cell expansion is under preclinical and early clini-
cal investigation. Co-culture of NK cells with feeder cells plus 
cytokines is effective in generating large number of NK  cells 
with high antitumor effect and long survival (24). Clinically, 

expanded NK  cells have proven to be safe and feasible (25). 
Very recently, a first-in-man study investigated the role of 
memory-like NK  cells, obtained after in  vitro differentiation 
from human NK cells with IL-12, IL-15, and IL-18 (26).

in SeARCH FOR BiOMARKeRS 
PReDiCTive OF ReSPOnSe TO nK 
iMMUnOTHeRAPY FOR AML

Within clinical trials, “biology-driven approaches” have the 
potential to identify an array of biomarkers, which may be 
used to predict clinical response to NK immunotherapy and/
or to guide clinical decision process. Some of these biomarkers 
may derive from the donor repertoire, whereas some others are 
related to host modifications after NK cell infusion (Figure 1).

KiR–KiR-L Mismatch
The NK  cells cytolytic activity is regulated by inhibitory KIRs, 
which mediate self-tolerance by engaging HLA class I antigens. 
Four different inhibitory KIRs seem to be primarily involved in 
inducing NK alloreactivity because of a stronger recognition of 
HLA class I ligands: KIR2DL2/2DL3 recognize HLA-C1 ligands 
(HLA-Cw), KIR3DL1 recognizes Bw4 haplotypes, and KIR3DL2 
targets HLA-A3 and HLA-A11 ligands. NK alloreactivity can be 
predicted according to four models. The “missing-self” or “KIR-
ligand mismatch” or “ligand incompability model” is based on 
the absence in the recipient of inhibitory HLA-I molecules that 
are present in the donor. According to the “receptor–ligand” 
model, donor NK  cells are activated through inhibitory KIRs, 
which do not bind their HLA ligands in the recipient. The 
“missing-ligand” model predicts alloreactivity when at least one 
HLA-ligand is missing. The last of the models mentioned above 
states that activating KIRs on donor cells are needed in order to 
achieve NK cell alloreactivity (27). In haploidentical SCT, KIR-L 
mismatch dramatically impacts on the efficacy of NK  cells in 
enhancing anti-leukemia effect (15, 16, 23). Whether these find-
ings may be directly translated into the immunotherapy field has 
not been fully elucidated. In their pioneering study of adoptive 
NK immunotherapy, Miller et al. showed that KIR-L mismatch 
between donor and recipient had a predictive value in terms of 
clinical response (20). These data have not been confirmed in the 
subsequent study on a wider number of patients (28). Moreover, 
KIR-L mismatch between recipient and donor was not enough to 
translate into a significant clinical benefit for previously selected 
KIR-L-mismatched donor–recipient pairs (20). These results may 
indicate that a deeper characterization of KIR–KIR-L interaction 
is probably needed in the setting of NK immunotherapy. Donors 
with group B KIR haplotypes have been shown to improve 
survival of AML patients undergoing unrelated SCT (29). Very 
recently, based on specific HLA/KIR subtype combinations, a 
predictive algorithm for donor selection has been developed in a 
cohort of 1,328 patients with AML who received HLA-matched 
SCT transplant (30). Then, the selection of donors with favorable 
KIR genes of the B haplotype and/or with specific HLA/KIR sub-
type combinations may be used to increase the potential benefit 
of KIR–KIR-L mismatch between donor and recipient.
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FigURe 1 | Leukemia-cell intrinsic and extrinsic factors influencing natural killer (NK) cell function. NK cells are able to recognize acute myeloid leukemia (AML) 
blasts in a major histocompatibility complex-unrestricted manner inducing cell lysis through perforin/granzyme pathway. Within tumor microenvironment, regulatory 
T lymphocytes and MSCs play a role in inhibiting NK cell-mediated proliferation and cytotoxic function via the production of soluble factors, such as interleukin 
(IL)-10, transforming growth factor (TGF)-β, and indoleamine 2,3-dioxygenase (IDO), thus resulting in the downregulation of activating receptors (NKp30, NK944, and 
NKG2D) and in the upregulation of inhibitory receptors. Similar evasion mechanisms have been described as a consequence of a direct effect from AML cells on 
NK cells.
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Host Regulatory T Cells
Regulatory T  lymphocytes (Tregs) are distinct CD4, CD25, and 
Foxp3 positive immunosuppressive lymphocytes, which induce 
tolerance by inhibiting immune responses, including NK  cell-
mediated cytotoxicity. During the development of malignancies, 
Tregs proliferate under the stimulation of transforming growth 
factor (TGF)-β secreted by myeloid dendritic cells (DCs) and 
accumulate in blood, draining lymph nodes, and tumor micro-
environment (14). Many studies demonstrated that Tregs are able 
to influence NK  cell activity (14, 28, 31). In particular, NK  cell 
inhibition induced by Tregs is mediated by soluble and Tregs-
bound TGF-β, both resulting in downregulating of NKG2D on 
NK cells (14). Accordingly, in mice Treg depletion with anti-CD25 
monoclonal antibody abrogated tumor growth and allowed the 
proliferation of NK cells (32). The influence of Tregs in NK adop-
tive immunotherapy has been recently addressed by Miller et al. 
in a large group of patients infused with NK cells. In this study, 57 
patients with relapsed or refractory AML who received lymphode-
pleting chemotherapy with fludarabine and cyclophosphamide 
followed by NK cell infusion were analyzed. Patients were divided 

into three subgroups on the basis of the methods of NK cell prod-
uct preparation: cohort 1 received NK cells after CD3 depletion 
alone, cohort 2 received NK  cells after CD3 depletion followed 
by CD56 positive selection, and cohort 3 received NK cells after 
a single-step CD3/CD19 depletion. Patients included in Cohort 
3 received the highest NK cell dose and after NK infusion were 
treated with IL-2 diphteria toxin (IL-2DT), a cytotoxic fusion 
protein able to selectively deplete high affinity IL-2 receptors 
(CD25)-expressing cells, including Tregs. A clear association 
between NK expansion and clinical responses was documented 
and such correlation was partly dependent on host Tregs. These 
data suggest that Tregs frequency in patients infused with NK cells 
may be a biomarker predictive of NK cell expansion and activity 
and may have clinical implications for the choice and schedule of  
cytokine-based therapy after NK cell infusion. In particular, the 
potent effect of IL-2, commonly used in NK-based immunotherapy 
protocols, on NK cell expansion and activity may be counterbal-
anced by its detrimental proliferative activity on Tregs. Clinical 
trials, including post-infusion administration of cytokines, such 
as IL-15, with no proliferative effect on Tregs are highly warranted.
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Leukemia-Cell intrinsic and extrinsic 
Factors
A large body of evidence support the interplay between AML 
cells and the different cell components of the immune system 
(33). Some reports indicate that NK  cells may be defective in 
AML patients (34, 35). In particular, a deficient expression of 
NCRs in NK  cells from AML patients and during leukemia 
evolution has been observed (36). Conversely, NK  cells with 
an activated phenotype from AML patients are cytotoxic 
against primary AML cells (37). Leukemia-induced phenotypic 
and functional NK  cell abnormalities have been described in 
AML patients and are predictive of remission-induction after 
chemotherapy (38). Soluble factors, including IL-10, TGF-β, or 
indoleamine 2,3-dioxygenase (IDO), have been correlated with 
AML-mediated impairment of NK function (39). Sera collected 
from human AML patients contain microvescicles enriched in 
TGF-β, which mediates the inhibition of NK cell activity (40). In 
support of a pathogenetic role of these mechanisms during AML 
development, the defects of NK cells were restored in patients 
achieving complete remission after chemotherapy (38, 40). 
Moreover, the expression by AML cells of the immunosuppres-
sive surface proteins CD200 (41) and CD137 (42) has a direct 
suppressive effect on NK cell activity, thus contributing to leu-
kemia escape from NK-mediated control. The role of leukemic 
bone marrow (BM) microenvironment is critical in mediating 
immunotolerance (43–45). An increasing body of evidence 
has shown that immune effector cells are dysfunctional as a 
consequence of inhibitory signals deriving from a wide variety 
of immune cell components of tumor microenvironment, such 
as tolerogenic DCs, macrophages, and myeloid-derived suppres-
sor cells (MDSCs). In solid tumors, these immunosuppressive 
cell subsets are expanded in patients and their presence in the 
tumor microenvironment correlates with worse prognosis and 
a dysfunctional activity of NK cells (46–48). In AML, the role 
of these immunosuppressive cells is not well-understood yet, 
whereas the activity of mesenchymal stromal cells (MSCs) on 
NK  cells in BM leukemic microenvironment has been widely 
investigated. In particular, MSCs can negatively interfere with 
the function of NK  cells by reducing their cytotoxic activity 
and cytokine production (49). Similar to the effects derived 
from AML cells, MSC-driven impairment of NK cell function 
was related to a downregulation of the activating NK recep-
tors NKp30, NKp44, and NKG2D and mediated by IDO and 
prostaglandin E2. Whether these evasion mechanisms by AML 
cells and by other cell components of leukemic BM niche may be 
active during adoptive NK cell transfer has not been specifically 
addressed within clinical trials. Future immunotherapy trials are 
expected to take into accounts some of these parameters, which 
may be correlated with response to NK immunotherapy.

nK iMMUnOTHeRAPY in AML: THe 
QUeSTiOn OF DOSe

In SCT and cell therapy, how many cells should be infused to 
achieve a therapeutic effect represents a common and crucial 
question. Many efforts have been made, for example, to identify 

the minimum and optimal number of hematopoietic CD34+ stem/
progenitor cells capable of a durable engraftment in autologous 
SCT (50) or, in the setting of allogeneic SCT, the dose of CD3+ 
T cells to be used as donor lymphocytes infusions (DLI) for relaps-
ing leukemia (51, 52). For NK immunotherapy, whether the dose 
of infused NK cells really impacts on the clinical response is still a 
matter of debate. Although infused NK cells may eradicate AML 
cells in virtue of several factors other than their dose, preclinical 
studies have demonstrated that NK cell cytotoxicity is directly 
correlated to the ratio between NK and target cells (53–55). Then, 
to infuse an adequate number of NK cells is likely to be clinically 
relevant. Since NK cells account for only a small portion of cir-
culating lymphocytes, several groups are exploring the option of 
increasing the number of infused NK cells by ex vivo expanding 
cytotoxic NK cells and different NK cell production protocols are 
under investigation (56). An overview of these strategies is out of 
the focus of the current review. Indeed, we consider a preliminary 
and fundamental step to address the question of the minimum 
number of effective NK cells to be infused as a means of adoptive 
immunotherapy. Under this viewpoint, there is no consensus 
on the parameters to be used for enumerating functionally 
active NK cells among infused cells, which increases variability 
among clinical studies and makes the comparison of clinical 
results extremely difficult, if not impossible (57). In a pediatric 
cohort of AML patients undergoing NK cell infusion as part of 
their post-remission strategy, mainly because of body weight 
discrepancy between donor and recipient, high numbers of total 
CD56+CD3− NK cells/kg were infused (21). Of note, CD56+CD3− 
NK cells were highly purified and the amount of contaminating 
cells, other than NK cells, was minimal. Interestingly, the clinical 
results were remarkable with 100% of patients achieving dura-
ble response. In our recent report on a group of elderly AML 
patients, who were infused with the same highly purified NK cell 
population as the pediatric study, a trend for better outcome 
in those patients who received higher numbers of NK cells was 
shown (23). In the largest study by Miller et al. (28), comparing 
the clinical results of 57 patients undergoing infusion of NK cells, 
total NK cell dose resulted as being not correlated with clinical 
response. Notably, in this study (28), three different methods 
for NK  cell manufacturing were used and only in a minority 
of patients NK  cells were highly purified as the studies above. 
Moreover, cell dose was not correlated with in vivo expansion 
and clinical response when purified NK cells were in vitro primed 
with IL-12, IL-15, and IL-18 (26). Although not conclusive, the 
results from these studies may suggest that the optimal NK cell 
dose may differ depending on the cell manufacturing system and 
that, in case CD56+CD3− NK cells are highly purified and not 
manipulated, the simple count of total infused NK cells may be 
used as a useful parameter to predict clinical response.

The possibility of infusing a number of functionally active 
NK cells is likely to have greater impact on the efficacy of NK 
infusion than simply enumerating the number of total NK cells. 
Indeed, in our cohort of elderly AML patients, a better response 
was observed when at least 2 × 105 functionally alloreactive donor 
NK cells/kg were infused (Figure 2). Our results indicate a highly 
predictive threshold of NK cells to be defined at the functional 
level (“functional dose”). Although such dose may be used to 
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FigURe 2 | The “functional dose” of infused alloreactive natural killer (NK) 
cells is highly predictive of response in acute myeloid leukemia (AML) 
patients. A cohort of elderly AML patients in first complete remission received 
highly purified NK cells after lymphodepleting fludarabine and 
cyclophosphamide to prevent disease relapse. A better response in leukemia 
control was observed when at least 2 × 105 functionally alloreactive donor 
NK cells/kg were infused. Such threshold has been chosen as a “functional 
cell dose” to be used to select donor(s) and guide NK cell processing.
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guide NK cell processing, the feasibility of such approach, which 
is based on a laborious and time-consuming alloreactive NK cell 
cloning, represents a major concern. Then, a major achievement 
will be to identify a functional dose of NK  cells, predictive of 
response to NK cell infusion, by using alternative methods and 
tools. By moving from the results in the transplant setting (17), 
a new and predictive-of-response expression platform to be 
used in donor selection is likely to be a concrete possibility. The 
development of novel anti-KIR monoclonal antibodies that can 
distinguish inhibitory versus activating KIRs allows to identify 
alloreactive NK subpopulations in the majority of individuals at 
the phenotypical level. Although these new methods and tools 

require formal clinical testing and validation in large cohorts of 
patients undergoing NK immunotherapy, we may expect that 
the “functional dose” of NK cells to be infused will be identified 
without standard and cumbersome functional studies of NK cell 
cloning (58–60). Such approach will, then, allow to dissect donor 
NK cell repertoire at baseline, thus leading to definitively address 
the question of the correlation between NK cell dose and clinical 
response.

COnCLUSiOn

Although several clinical reports have clearly paved the way for 
exploiting NK  cell-based adoptive immunotherapy for AML 
patients, several crucial issues remain to be established and 
settled. In particular, the founding question of the therapeutic 
dose of infused NK  cells potentially exerting in  vivo anti-
leukemia effect is still unanswered. Preliminary data from 
recent studies have shed light on this point, although the 
great heterogeneity of clinical strategies, which include freshly 
isolated versus expanded, non-manipulated versus cytokine-
primed NK cells, makes the comparison among trials extremely 
difficult. Advancements of diagnostic tools, coupled with a 
“biology-driven” approach, are expected to provide an array of 
biomarkers, which may help in selecting the best donor for the 
best patient, thus making NK immunotherapy really beneficial 
for a specific subset of AML patients.
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